The thermoelectric power, S(T ), of the heavy fermions YbT 2 Zn 20 (T = Fe, Ru, Os, Ir, Rh, and Co) has been measured to characterize their strong electronic correlations. A large, negative, local minimum in S(T ) with approximately -70 µV/K is found for all compounds. From the observed local minimum, the energy scales associated with both the Kondo temperature and the crystalline electric field splitting are deduced and compared to previous specific heat measurements. At low temperatures, S(T ) follows a linear temperature dependence, S(T ) = αT , with an enhanced value of α which is characteristic for a heavy fermion state. In the zero temperature limit, the enhanced α value strongly correlates with the electronic specific heat coefficient, C(T )/T , due to the large density of states at the Fermi level.
I. INTRODUCTION
In a heavy fermion (HF) Kondo lattice system, the ground state is a Fermi-liquid (FL) state constituting the Landau quasi-particles. In Ce-, Yb-, and U-based intermetallic systems the conduction electrons compensate or screen the localized moments of the f -electrons where localized electrons together with their screening cloud form quasi-particles. These quasi-particles have heavy masses, reflected in an enhanced value of the Sommerfeld coefficient, γ = C(T )/T | T →0 , at low temperatures. When f -electrons so strongly couple with conduction band there is an increased overlap of the electronic state which enhances the hybridization and band widths [1] .
The FL state in HF Kondo lattice systems shows strong correlations among physical quantities. One such correlation is the Kadowaki-Woods (K-W) ratio, a relation between the electrical resistivity (ρ(T ) − ρ 0 = AT 2 ) and specific heat (C(T ) = γT ) [2, 3] , given by the universal ratio A/γ 2 = 1.0×10 −5 µΩcm/(mJ/mol·K) 2 . Recently, systematic deviations of the K-W ratio in many HF systems (especially for Yb-based compounds) have been explained by Tsujii et al., taking into account the ground state degeneracy (N = 2j+1) [4] [5] [6] . A FL state is also characterized by the Wilson ratio (R W ) which links γ to the Pauli susceptibility χ(0) [7] [8] [9] , which is given by R W = π 2 k 2 B χ(0)/(j(j + 1)g 2 µ
2
B γ 2 ), where k B , g, and µ B are the Boltzman constant, Lande's factor, and Bohr magneton, respectively [1] . In addition to the R W and K-W ratio, the zero temperature limit of the thermoelectric power (TEP), S(T )/T = α, for several correlated materials has shown a strong correlation with γ via the dimensionless ratio q = N A eS/γT = N A eα/γ [10] , where N A is the Avogadro number and e is the carrier charge.
For Yb-based HF systems, the electrical resistivity and TEP reveal complex temperature dependencies with a local extrema. In general, these extrema are related to Kondo scattering associated with the ground state and excited states of the CEF energy levels [11] [12] [13] . The characteristic temperature of the local maximum shown in ρ(T ) and the local minimum developed in S(T ) allow for an estimate of the Kondo temperature, T K , and the crystalline electric field (CEF) splitting, ∆/k B , as relevant energy scales in Yb-based HF systems.
In this paper, TEP measurements on YbT 2 Zn 20 (T = Fe, Ru, Os, Ir, Rh, and Co) are presented as functions of temperature and magnetic field to evaluate the correlation between specific heat and TEP in the zero temperature limit. These compounds crystallize in the (T = Fe and Co) were grown out of excess Zn [15, 16] using standard solution growth techniques [17, 18] . The TEP was measured using a dc, alternating heating, technique that utilizes two heaters and two thermometers [19] . A Quantum Design Physical Property Measurement System provided the temperature (from 2 to 300 K) and magnetic field (up to 140 kOe) environment. For T = Fe, Rh, and Co, zero-field TEP measurements were extended down to 0.4 K, measured using the same technique [19] , in a CRYO Industries With further cooling, S(T ) of YCo 2 Zn 20 passes through a broad peak (∼ Θ D /12 [20] , where Θ D is the Debye temperature) expected to be due to phonon-drag [21] . On the other hand, (R = Y, Sc, and Lu) data [23] . The minimum developed near 14 K may be related to the signature of spin fluctuation, combined with phonon-drag in the YFe 2 Zn 20 system. In the [26] exhibit a single minimum in the TEP, developing below T K . When T K < ∆/k B , more than one peak has been frequently observed in the TEP [25, [30] [31] [32] . The low temperature extremum is usually located close to T K , and the high temperature extremum located at 0.4-0.6 ∆/k B is attributed to Kondo scattering off of the thermally populated CEF levels, which is in agreement with theoretical predictions [11, 13, [33] [34] [35] [36] . Therefore, the peak position can represent T K and ∆/k B as relevant energy scales in Kondo lattice systems.
For the YbT 2 Zn 20 family, T K and the ground state degeneracy play important roles in the thermodynamic and transport properties. By considering the ground state degeneracy (N = 8 for T = Fe and Ru, and N = 4 for T = Os, Rh, Ir, and Co [15] ) it is expected that T K ≥ ∆/k B for T = Fe and Ru and T K ∆/k B for T = Os, Ir, Rh, and Co. Based on this, for T = Fe and Ru, it is reasonable to assume that T S min and T ρ max simply reflect T K ; with the fully degenerate case corresponding to N = 8. For T = Os, Ir, Rh, and Co, the two extrema in the S(T ) data associated with Kondo scattering on the ground state and thermally populated CEF levels could be expected, however, only one broad peak structure is developed for T = Os, Ir, Rh, and Co. We thus expect that a single broad minimum is produced by merging more than one peak structure due to the relatively small CEF level
To reiterate: A strong correlation between the two local extrema T ρ max and T S min develops and remains robust even when dependence on T K appears to break down (Fig. 6 (b) ). T (T = Fe, Ru, and Ir) is anomalous. In the simplest case of a two band model, the carrier density of electrons, n e , and holes, n h , can be taken as 1 2 n = n e = n h . The diffusion TEP in magnetic field with several assumptions [37] can be expressed as Generally, the phonon-drag itself is not sensitive to the applied magnetic field [21] , so it is clear that neither conventional phonon-drag nor diffusion TEP of conduction electrons can account for the magnetic field dependence of the TEP in these compounds. Thus, multiple factors, such as the Kondo effect and CEF contributions, have to be considered. In order to understand the observed behavior in more detail, a theoretical analysis of the TEP as a function of field for this systems will be necessary.
Earlier thermodynamic and transport measurements [15] showed that the R W and K-W ratios of YbT 2 Zn 20 agree well with the FL picture of the HF ground state. A clear dependence of the A/γ 2 ratio on the degeneracy N is shown in the inset of Fig. 7 , where the A and γ values are taken from Ref. [15] and lines for degeneracies N are based on Ref.
[6]. A Fermi liquid state can also be characterized by the ratio between γ and the zero temperature limit of S(T )/T [10, 38, 39]: a "quasi universal" ratio q = N A eS/γT remains close to q = ± 1 for metals and the sign of q depends on the type of carriers. Although for strongly correlated electronic materials like HF systems, a single band and single scattering process is not generally thought to be sufficient for explaining the strong correlation effects,
given that C(T )/T and S(T )/T are most sensitive to the position of the heavy band, a quasi universal ratio is expected to hold at low temperatures [40, 41] .
The experimental correlation between the zero temperature limit of S(T )/T and γ for
YbT 2 Zn 20 (T = Fe, Ru, Os, Ir, Rh, and Co) is presented in Fig. 7 , where the phonondrag effect is ignored since it is small. For comparison, data for several other Yb-based HF compounds are also plotted in the same figure [42] . (5) YbAl 3 , and (6) YbInAu 2 are taken from the table of Ref. [10] . S(T )/T and γ of (7) Yb 2 Pt 6 Al 15 are taken from Ref. [26] . S(T )/T and γ of (8) YbNi 2 B 2 C and (9) YbNi 2 Ge 2 are taken from Refs.
[ [42] [43] [44] , respectively. The solid line represents γ/(eN A ). Inset: Kadowaki-Woods plot (log-log plot of A vs. γ) of YbT 2 Zn 20 . Symbols are taken from Ref. [15] and solid lines correspond to N = 2, 4, 6, and 8 based on Ref. [6] , respectively.
